Introduction Neutrophil-to-lymphocyte ratio (NLR) is a surrogate for systemic inflammatory response and its elevation has been shown to be a poor prognostic factor in various malignancies. Stereotactic radiosurgery (SRS) can induce a leukocytepredominant inflammatory response. This study investigates the prognostic impact of post-SRS NLR in patients with brain metastases (BM). Methods BM patients treated with SRS from 2003 to 2015 were retrospectively identified. NLR was calculated from the most recent full blood counts post-SRS. Overall survival (OS) and intracranial outcomes were calculated using the Kaplan-Meier method and cumulative incidence with competing risk for death, respectively. Results 188 patients with 328 BM treated with SRS had calculable post-treatment NLR values. Of these, 51 (27.1%) had a NLR > 6. The overall median imaging follow-up was 13.2 (14.0 vs. 8.7 for NLR ≤ 6.0 vs. > 6.0) months. Baseline patient and treatment characteristics were well balanced, except for lower rate of ECOG performance status 0 in the NLR > 6 cohort (33.3 vs. 44.2%, p = 0.026). NLR > 6 was associated with worse 1-and 2-year OS: 59.9 vs. 72.9% and 24.6 vs. 43.8%, (p = 0.028). On multivariable analysis, NLR > 6 (HR: 1.53; 95% CI 1.03-2.26, p = 0.036) and presence of extracranial metastases (HR: 1.90; 95% CI 1.30-2.78; p < 0.001) were significant predictors for worse OS. No association was seen with NLR and intracranial outcomes. Conclusion Post-treatment NLR, a potential marker for post-SRS inflammatory response, is inversely associated with OS in patients with BM. If prospectively validated, NLR is a simple, systemic marker that can be easily used to guide subsequent management.
Introduction
Brain metastases (BM) are the most common intracranial tumor, with nearly 30% of all cancer patients developing intracranial involvement [1] . The incidence of BM is steadily increasing, in part due to increased surveillance and improvements in systemic extracranial therapy [2, 3] . The standard of care for BM continues to evolve given advancements in focal therapies, including stereotactic radiosurgery (SRS), which can offer a high rate of local control without the consequences of whole brain radiotherapy (WBRT) [4] . Nonetheless, despite these treatments, overall survival (OS) remains relatively dismal.
For BM patients, prognostic models have been utilized to predict patient outcomes. Recursive prognostic analyses [5] and graded prognostic analyses (GPA) are scoring systems that incorporate multiple baseline patient factors to predict survival [6, 7] . However, as patients are living longer and receiving newer therapies, including targeted and immune therapy with SRS, further models are needed to stratify patients.
Recently, Hannahan et al. updated their seminal review paper on carcinogenesis [8] , now incorporating the inflammatory process and immune system as modulators [9] ; markers of these systems include neutrophil and lymphocytes, and. As such, multiple investigators have shown that elevated neutrophil-to-lymphocyte ratio (NLR) is associated with worse outcomes in multiple malignancies [10] [11] [12] . While the blood brain barrier can limit intracranial penetration of non-lipidophilic molecules, recent evidence suggests inflammatory cells are able to cross into the brain [13] . Consistent with these reports, Bambury [14] and Mason et al. [15] have also shown that pre-operative NLR also predicts OS in glioblastoma.
The aim of this study is to now investigate the association of NLR and OS in BM patients. Because radiotherapy can cause an inflammatory response and possibly modulate the NLR, this initiative will focus only on BM treated with SRS alone.
Materials and methods

Patient selection
After receiving Institutional Review Board approval, records of patients with a first occurrence of metastatic intracranial disease, from any histology, who were treated with SRS from 2003 to 2015 were examined at multiple institutions. Patients who were treated with any prior brain irradiation or combination WBRT + SRS were excluded, as were patients with radiosensitive malignancies (e.g. small cell, germ cell, and lymphoma). NLR were calculated based on peripheral lab values identified within 1 month of SRS, while patients with missing values were excluded. Patients were also considered ineligible if they were found to have a coincident infectious process at time of lab draw.
Baseline characteristics were extracted from patient charts including age, sex, primary histology, Eastern Cooperative Group Oncology performance status (ECOG PS), active systemic disease, presence of extracranial metastases, GPA, total number of BM, aggregate BM volume, resection status, corticosteroid use and pre and post-SRS systemic therapy use (chemotherapy, targeted, and immunotherapy). Baseline treatment parameters were also recorded including BM laterality, BM location, gross tumor volume (GTV), planning target volume (PTV), SRS total dose, number of fractions, dose/fraction, prescription isodose line (IDL), and conformality index.
Stereotactic radiosurgery
SRS was delivered using a linear accelerator with 6 MV photon energies, as described previously [16, 17] . All BM underwent patients underwent high-resolution treatment planning magnetic resonance imaging (MRI) scan with and without contrast within 10 days of computed tomography simulation. The T1 MRI contrast enhancing tumor defined lesion constituted the GTV. For resected brain cavities, the GTV also included the resection cavity. The GTV was expanded by 1.0-2.5 mm to generate the PTV, based on treating physician preference, with a larger margin utilized for resection cavities. Doses prescribed were based on size as per Radiation Therapy Oncology Group 90-05 [18] : PTVs that were 2.0 cm in diameter were typically treated to 21 Gy, 2.1-3.0 cm in diameter to 18 Gy, and 3.1-4.0 cm in diameter to 15 Gy. For BM larger than 4.0 cm in maximum diameter, fractionated SRS delivering 21-30 Gy over 3-5 treatments, with a frameless radiosurgery technique was utilized.
Follow-up
After treatment with SRS, follow-up consisted of history, clinical examination and brain MRI at 1 month and then at every 3 months thereafter, unless clinically indicated at an earlier time point. Local recurrence (LR) was defined as the presence of new progressive nodular enhancement within the prior 80% IDL of the prior SRS treatment, while distant brain recurrence (DBR) was any recurrence outside the 80% IDL. Radiographic radiation necrosis (RN) was defined as development of a contrast-enhancing mass within prior SRS fields [19] ; if there was a question of the nodular enhancement representing LR vs. RN, cases were discussed at a multi-disciplinary tumor board to develop a consensus. Additional functional imaging was also obtained (e.g. MR perfusion, MR spectroscopy, or brain positron emission tomography [PET] ) to further aid evaluation. Leptomeningeal disease (LMD) was defined as new leptomeningeal enhancement seen on post-contrast T1 MRI sequences.
Statistical analysis
NLR was analyzed as a continuous and dichotomous variable. Similar to prior analyses, the cut-point which provided the strongest prognostic information in our dataset was used for analysis as a dichotomous variable [14, 20] . This was determined by testing a range of possible cut-points (range 2.0-6.0 based on prior publications) and seeing which had the most significant p value associated with OS.
The high and low-NLR cohorts were then compared across categorical covariates using Fisher's Exact test or Chi-squared tests, where appropriate, and were compared across continuous variables using ANOVA. For OS, death from any cause was defined as the event, and patients were censored at time of last follow-up. Kaplan-Meier productlimit method was utilized to estimate OS; the log-rank test was used to assess for differences between with high NLR and low-NLR groups. Univariate analysis (UVA) and multivariate analysis (MVA) were performed using the Cox proportional hazards model.
To estimate rates of intracranial outcomes-LR, DBR, RN, and LMD-the cumulative incidence methodology, with death without the event considered a competing risk was used. For these intracranial outcomes, patients were censored at time of last brain imaging. Cumulative incidence curves for each non-survival outcome were compared using Gray's test for equality across groups [21] . UVA and MVA were performed using the semiparametric proportional hazards model in the presence of competing risks, as proposed by Fine and Gray [21] . All potentially prognostic covariates which were statistically significant in the UVA were entered into the MVA model. All statistical tests were two-sided, with p values < 0.05 considered statistically significant. Statistical analysis was carried out using SAS version 9.4.0 statistical software (SAS Institute Inc., Cary, NC).
Results
Baseline characteristics
A total of 188 consecutive patients with 328 BM with calculable NLR were identified. Median and mean NLR was 3.53 and 6.39, respectively; the range of NLR was 0.61-88.00. When analyzing NLR as a categorical, dichotomous variable, a cut-off point of six provided the strongest prognostic value; in this study the NLR cohorts were therefore set as > 6 and ≤ 6. 51 (27.1%) patients with 95 (29.0%) BM had NLR > 6 post-SRS. The baseline patient (Table 1) characteristics were similar between the two groups, including rates of corticosteroid use and pre-and post-SRS systemic therapy (chemo, targeted, and immunotherapy), except that the NLR > 6 cohort had a lower rate of ECOG performance status 0 (33.3 vs. 44.5%, p = 0.026). No differences were seen in baseline lesion-level (Table 1 ) treatment characteristics between the two cohorts. None of the patients that were reviewed had a coincident infectious process. The median imaging follow-up was 13.2 months for all patients, 14.0 months for NLR ≤ 6.0, and 8.7 months for NLR > 6.0.
Overall survival
The median OS for the entire cohort was 19.1 months. Median OS was longer in the cohort with a post-treatment NLR ≤ 6, 20.7 (range 17.4-25.5) months, as compared to the cohort with NLR > 6, 14.7 (range 10-16.8) months. Figure 1 illustrates the higher 1-and 2-year OS rates in the post-treatment NLR < 6 cohort: 72.9 vs. 59.9% and 43.8 vs. 24.6% (p = 0.028). On UVA, ( 
Intracranial outcomes
No difference in intracranial outcomes was seen between the two cohorts. LR was observed in 54 (16.5%) of irradiated lesions/cavities: 1-year rates of LR was 10.5% for NLR ≤ 6 and 12.0% for NLR > 6 (p = 0.373). DBR occurred in 126 (67.0%) of patients: 1-year rates of DBR was higher for the NLR > 6 cohort, 59.0 vs. 49.8%, though the results were not statistically significant (p = 0.370). RN occurred in 89 (27.1%) lesions/cavities post-SRS: 1-year rates of RN for NLR > 6 and ≤ 6 was 16.4 and 14.3% (p = 0.982), respectively. There was no difference in 1-year rates of LMD: 12.2% for NLR > 6 and 5.9% for NLR ≤ 6 (p = 0.971).
Discussion
The link between inflammation, particularly chronic inflammation, and cancer progression is well known. While the exact biology behind the role of elevated NLR in cancer prognosis remains to be fully elucidated, it is considered a marker of systemic inflammation that may portend a worse prognosis by driving cancer cell proliferation through increasing availability of growth, angiogenic, and other pro-neoplastic factors [9] . The effect of systemic inflammation on white blood cells typically displays a rise in neutrophils with a concomitant drop in lymphocytes, which may be caused by increased margination and apoptosis of these cells [22] . This loss of cell-mediated immunity may also play a role in the biology of this phenomenon. Neutrophilia as an inflammatory response is known to inhibit the cytolytic activity of activated T cells and natural killer cells [23, 24] . Additionally, neutrophils have been reported to secrete tumor growth promoting factors, including vascular endothelial growth factor [25] , hepatocyte growth factor [26] , IL-6 [27] , matrix metalloproteinases [28] , and elastases [29] that likely contribute to a tumor stimulating microenvironment. Conversely, a high percentage of circulating lymphocytes is associated with better tumor response and outcome as a result of an augmented antitumor lymphocyte effect [30] . In this study, we investigated the hypothesis that NLR is associated with OS for patients with BM treated with SRS. Our analyses revealed that the optimal NLR cut-off associated with OS was 6; OS was statistically significantly lower in patients with NLR > 6 compared to less ≤ 6: 59.9 vs. 72.9%. NLR did not correlate with intracranial outcomes, including LR, DBR and RN.
Numerous other studies have investigated the optimal NLR in a variety of malignancies [10-12, 14, 15] . The dichotomous cut point used for NLR to best predict OS has ranged from 2.18 to 7.5. Consistent with our findings, all of these studies have demonstrated that the lower NLR value is associated with higher OS. Our study differs from these analyses in that we examined post-treatment NLR levels rather than pre-treatment values. Pre-clinical evidence suggests that radiation can enhance antigen presentation and release cytokines, including IFN-Y, that help recruit, activate, and increase lymphocytes [31, 32] ; tumors that demonstrate a low NLR may possibly be demonstrating this host antitumor effect, which may then correlate with OS.
Two prior studies [33, 34] -have specifically investigated the association between inflammatory markers and OS in patients with BM, albeit without assessing simultaneous corticosteroid use. Shaverdian et al. [33] demonstrated that Bold value indicates statistical significance, p < 0.05 BM brain metastases, NSCLC non small cell lung cancer, RCC renal cell carcinoma, ECOG Eastern Cooperative Oncology Group, SRS stereotactic radiosurgery, IDL isodose line, GTV gross tumor volume, PTV planning target volume pre-treatment markers, including platelet count and albumin count, were associated with OS in 70 patients with BM, but not the NLR. Importantly, the authors did not report on systemic therapy use, an important factor in assessing OS. In addition, they only included BM due to breast, melanoma or non-small cell lung cacncer (NSCLC). Mitsuya et al. [34] focused on resected BM: in a cohort of 105 patients, they found that NLR < 5 was associated with improved OS. Systemic therapy use, however, was significantly higher in the cohort with NLR < 5: 55 vs. 17%. Our findings add to these earlier works by investigating the role of NLR in a large population of BM from various histologies (NSCLC, melanoma, breast, renal cell carcinoma, others) with similar rates of systemic therapy use. Moreover, we found no difference in corticosteroid use between the two cohorts, which can cause a leftward shift and subsequent increase in the NLR. Limitations of this study include its retrospective design and related potential for selection bias due to the non-randomized treatment cohort. In addition, although NLR has been shown to be prognostic in various malignancies, it is ultimately a nonspecific marker that may be a surrogate for global inflammatory state rather than specific for CNS disease. High NLR can also reflect both neutrophilia related to the inflammatory response caused by cancer or other disease states, corticosteroid usage, and the lymphopenia that results from cachexia or cortisol-induced stress response. To account for these shortcomings, we analyzed active systemic disease as well as corticosteroid usage amongst the cohorts and found no differences. In addition, none of the patients in this study had an active infection at time of lab draws. Other strengths of this study include its relatively large patient numbers, homogenous patient treatment methods, capturing details of systemic therapy, including targeted therapy and immunotherapy, follow-up/surveillance schedule, and use of MVA to adjust for potential confounding variables. 
